The primary structures of helices A to G of all bacteriorhodopsin (BR)-like retinal proteins identified in newly isolated halobacteria have been determined from the nucleotide sequence of the BR-like protein genes. Using PCR methods, gene fragments encoding the A-to G-helix region of BR-like proteins were directly amplified from the total genomic DNA of the seven new halobacterial strains. Oligonucleotide primers corresponding to highly conserved regions in the helices A to G were designed from the nucleotide sequences of bacterioopsin (bop) and archaeopsin-I (mp-I), and some primers were effective for the amplification of the gene encoding C-to G-helix region of all new BR-like proteins. The primer corresponding to A-helix region was designed either from the nucleotide sequence of bop and aop-I or from the N-terminus amino acid sequence of a BR-like protein. Three new BR-like proteins were identified from the amino acid sequence, which was deduced from the nucleotide sequence of the genes encoding A-to G-helix region of the BR-like proteins. It was found that not only the amino acid sequence, but also the nucleotide sequence of the gene encoding the C-and G-helix region, in which a number of important residues for proton translocation are located, is highly conserved in three new BR-like proteins. Analysis of the primary structures of the A-to G-helix region of new BR-like proteins revealed that one has about 85% homology with aR-I and aR-11, and the rest have about 55% homology with halobium BR, aR-I and aR-11. From the results of the sequence analysis, we suggest that BR and BR-like proteins (functioning as light-driven proton pumps) can be classified into three types (BR type, aR type and a new type), and each of these types has 50-55% homology to each other in amino acid sequence.
Introduction
Bacteriorhodopsin (BR), a retinal protien found in the extremely halophilic archaebacterium Halobacterium halobium, functions as a light-driven proton pump (Oesterhelt & Stoeckenius, 1971 ; Stoeckenius et al., 1979) . It consists of a retinal and a single polypeptide chain of amino acids whose sequence is known by both protein and gene sequencings Ovchinnikov et al., 1979; Dunn et al., 1981) . The mechanism of the light-driven proton pump has been extensively studied by site-directed mutagenesis (Khor-ana, 1988) , and Asp 85, Asp 96, Asp 212, and probably Arg 82 are thought responsible for proton translocation during the photocycle (Mogi et al., 1988; Otto et al., 1990) . Point mutational analysis using halobacterial strain GRB also identified Asp 85 and Asp 96 as the essential residues for proton pumping (Soppa et al., 1989) . In addition to BR, other retinal proteins, archaerhodopsin-I and -11 (aR-I and aR-11) having the function of a light-driven proton pump, were found in other halobacterial species isolated from Western Australia (Mukohata et al., 1988; Uegaki et al., 1991) . The amino acid sequences of these proteins, which were deduced from the structural genes coding the polypeptides of aR-I and aR-11, also indicated that all essential residues for proton pumping are conserved (Sugiyama et al., 1989; Uegaki et al., 1991) .
BR is a membrane protein that aggregates in uivo to form a highly ordered two-dimensional crystalline patch called purple membrane in the cell membrane. This formation is not only advantageous for retaining the high stability of BR, but also for fine structural analysis using electron cryo-microscopy to near-atomic resolution (Henderson et al., 1990) . It is known that in the purple membrane, BR trimers aggregate to form a hexagonal lattice and this trimer structure is likely to be most important for retaining purple membrane structure. Therefore, the elucidation of this trimer structure is probably important in understanding the two-dimensional crystallization mechanism of BR. Several amino acid residues are probably involved in this crystallization mechanism; therefore a mutational approach to this problem seems impractical, as numerous amino acid alterations would be required. An alternative approach would be to compare the amino acid sequences of BR in purple membrane and in other forms, and this is expected to reveal which residues are essential for the formation of purple membrane areas in the cell membrane.
We are conducting a study on the structure and function of bacterial rhodopsins isolated from new halobacterial strains (Otomo et al., 1992) . In order to study the mechanism of two-dimensional crystallization of BR, several BR-like proteins that do not make purple membrane in the cell membrane have been isolated. Determination of their primary structure is the most important characterization for these new BR-like proteins, and such studies require rapid and efficient DNA sequence analysis of their BR-like protein genes. In this study, we designed several oligonucleotide primers at the A-, C-and G-helix parts of BR, and succeeded in amplifying the gene encoding the A-to G-helix region of BR-like protein by the PCR method. This amplified DNA was then directly analysed using an automated DNA sequencer.
Methods
Oligonucleotides. The oligonucleotide primers used for PCR amplification and sequencing were obtained from Intertech (Japan).
Strains. Seven new halobacterial strains (damp, mex, rnac, port, shark-I, shark-I1 and mex-11) were isolated from crude solar salts commercially produced in Mexico and Australia (Otomo et al., 1992) . Natronobacterium pharaonis (DSM 21 60) was obtained from the Deutsche Sammlung von Mikroorganismen.
Isolation of DNA. Chromosomal DNA from Halobacterium halobium R1, N . pharaonis and halobacterial strains damp, mex, rnac, port, shark-I, shark41 and mex-I1 was isolated and purified according to Vogelsang et al. (1983) .
PCR ampl$cation and agarose gel electrophoresis. PCR amplification was performed in a 100 yl reaction mixture containing 20 y~ Tris/HCl (pH 8-3), 1.5 mM-MgCl,, 25 mM-KCl, 1 yg gelatin, 50 p~ each dNTP, 1 unit of Taq DNA polymerase (Takara) and 20 pmol of each primer (Saiki et al., 1988) . Chromosomal DNA (1 pg) was used as a template. All PCRs were performed for 25 cycles of denaturation at 94°C for 1 min, primer annealing at 60 "C for 2 min and extension at 72 "C for 3 min. The thermal cycling was performed in a programmable heat block (Thermal cyclic reactor, Model TC-100, Houei). The PCR products were fractionated by electrophoresis on a 4.0 % NuSieve 3 : 1 Agarose gel (Takara).
DNA sequencing. PCR DNA product was purified from the agarose gel using GENECLEAN I1 (Funakoshi), and approx. 40 ng purified DNA was used for the sequence template. Sequencing reactions were performed using Taq DyeDeoxy Terminator Cycle Sequencing Kit (Applied Biosystems) and the nucleotide sequence of the PCR DNA product was determined by an automated DNA sequencing system (Applied Biosystems, Model 373A).
Isolation of BR-like protein from halobacterial strain port. Purification of port BR was performed using almost the same method for the halorhodopsin purification as described (Duschl et al., 1988) with the following modifications. PIPES/NaOH buffer was used instead of Tris/HCl buffer. MEGA-9 was used for the elution of port BR, because port BR is more stable in MEGA-9 than in octylglucoside.
Protein sequence analysis. The amino acid sequence of the Nterminus of port BR was determined by automated Edman degradation. Purified port BR was separated by SDS-PAGE. Proteins were blotted on a polyvinylidene difluoride membrane (Millipore). Electroblotting was carried out at a constant current for 2 h at 4 "C in a blotting buffer composed of 30 mM-Tris, 17 mM-boric acid, 0.0 1 % SDS and 20 % (v/v) methanol using an electroblotter (TEFCO, Japan). Transferred proteins were stained with 0.1 % Amido black 10b (Bio-Rad) in 50% (v/v) methanol and 10% (v/v) acetic acid for 1 min and destained with distilled water. The stained band corresponding to port BR was cut out and subjected to protein sequencing (Applied Biosystems, Model 477A).
Results
A comparison of the amino acid sequence of halobium BR and that of aR-I, which has the same transport function, reveals that amino acids in the C-helix and Ghelix are highly conserved (Dunn et al., 1981 ; Sugiyama et al., 1989) . In the C-helix and G-helix regions, primers shown in Table 1 (haloBR-C-f and haloBR-G-r) were designed. Because Lys 216 (AAG) is the conserved amino acid as a retinal binding site in BR and aRs (Dunn et al., 1981 ; Sugiyama et al., 1989; Uegaki et al., 1991) , haloBR-G-r primer was designed as Lys 21 6 (AAG) to be the 3' end position of the oligonucleotide primer (Table  1) . The 3' end of this primer should have high specificity for BR-like genes. Using these two oligonucleotide primers, a DNA fragment of about 400 bp could be amplified directly from the genomic DNA of strains R1, damp, mex and port (Fig. la) . After recovery and purification of this fragment from the agarose gel, the DNA sequences of these amplified products were analysed (Fig. 4) . Deduced amino acid sequences in this region are found to be highly homologous with that of halobium BR, and all the essential residues for proton pumping are conserved in these strains.
On the basis of amino acid sequence and nucleotide sequence of halobium BR and aR-I, the oligonucleotide Lanes: 2, strain R1; 3, strain damp; 4, strain mex; 5, strain port, 1 and 6, a HaeIII digest of YX174 DNA size marker, sizes (bp) are on the left. The arrow indicates the corresponding partial bop gene fragment.
5'-CCG'CTG(C,T)TG'(C,T)TG'(C,T)T(A,C)'GACCTC'G-3' 5'-GG(A,T)'CG(C,T)'CC(C,G)'GAG'(A,T)(C,G)G(C,A)TC'TGG'(C,T)T-3'
primer in the A-helix region was designed from the highly conserved region (Table 1) . Using these haloBR-A-f and haloBR-G-r primers, a DNA fragment of about 650 bp in length was amplified from the genomic DNA of strains R1, damp and mex, but not port (Fig. 1 b) . The corresponding DNA fragment from the genomic DNA of strain port could not be amplified under any PCR conditions with these primers, indicating low homology of A-helix region of port BR with halobium BR and aR-1.
To design a primer of A-helix region of port BR, the protein was purified, and its amino acid sequence determined by automated Edman degradation. The Nterminus sequence of the non-cleaved polypeptide was determined to be MEPGSEAIWLWLGTAGMFLGM-LYFIARGWGETDS. This amino acid sequence was similar to that of the A-helix region of both halobium BR and aR-I. From the amino acid sequence, we designed and synthesized three different mixtures of oligonucleotide primers (portBR-Nt-f-I, portBR-Nt-f-11, portBRNt-f-111) coding the first 7 amino acid residues of port BR (Table 1) . Using these primers and the haloBR-G-r primer, DNA amplification by PCR was performed. Only portBR-Nt-f-I1 primer was successful in amplifying a DNA fragment of about 650 bp in length (Fig. 2) .
DNA sequencing of this fragment showed the sequence of C-to G-helix region to be 100% identical to that of the C-G fragment amplified with haloBR-C-f and haloBR-G-r primers. J . Otomo and others Using haloBR-C-f and haloBR-G-r primers, the gene fragment encoding C-to G-helix region of BR-like proteins from other halobacterial strains (rnac, shark-I, shark-11 and mex-11) isolated from crude solar salts (Otomo et al., 1992) was also amplified by PCR (Fig. 3) . However, because N . pharaonis does not have any BRlike protein (Bivin & Stoeckenius, 1986) , no PCRamplified product was obtained for it. From the DNA sequence analysis of the gene fragment encoding C-to Ghelix region of these BR-like proteins, we have found that the BR-like protein gene of strain rnac is identical to that of strain mex, and that those of strains shark-I, shark-I1 and mex-I1 are about 95 :
< homologous to that of strain port. Therefore, a common primer of portBR-A-f for strains shark-I, shark-I1 and mex-I1 was designed from the nucleotide sequence of BR-like protein gene from strain port (Table 1) . Using this primer and a portBR-D-r primer whose nucleotide sequence is conserved in BR-like protein genes from strains port, shark-I, shark-I1 and mex-11, the gene fragment encoding A-to D-helix region of BR-like proteins from these strains could be amplified (data not shown). The gene fragment encoding A-to G-helix region of BR-like protein from strain mac was also amplified with haloBR-A-f and haloBR-G-r primers (data not shown).
The nucleotide sequence of A-to G-helix region of BRlike protein gene from all newly isolated halobacterial strains was determined using an automated DNA sequencing system and the amino acid sequence of all BR-like proteins was deduced from their nucleotide sequences of A-to G-helix region of BR-like protein genes. Although the nucleotide sequences of BR-like protein genes from the new halobacteria are not identical to each other, the amino acid sequences are identical in the A-to G-helix region between the two strains mex and 
TTC CTG TTC GTG CTG TAC TAC CTC CT
? ACG GTG CTC F L F V L Y Y L L T V L 451
GCG GAG CTC TCG GAG GAC GTG CAG ACC ACC TTC AAC
A E L S E D V Q T T F N
CTC GTC GCC GTC CTC TGG ACG GCG TAC CCG ATC
CTG L V A V L W T A Y k I L
ACC GAA GGL GCC GGC GTC GTC GGC CTG GGC GTC GAG
rnac, and among the three strains shark-I, shark-I1 and mex-11. Fig. 4 shows the nucleotide sequences and the deduced amino acid sequences of the A-to G-helix region of three new BR-like proteins. The nucleotide and the amino acid sequence of damp BR were identical to that of halobium BR.
Discussion
We have amplified the gene encoding C-to G-helix region of all BR-like proteins from seven new halobacterial strains without in vivo gene amplification. Therefore, these two primers may be useful for the gene amplification of all unidentified BR-like proteins. The mutational studies on BR have clearly indicated that the regions of two oligonucleotide primers (haloBR-C-f and haloBR-G-r) shown in Table 1 are essential for their proton-pumping function (Khorana, 1988) . In addition, using a degenerate primer, we have succeeded in amplifying the gene encoding A-to G-helix region of port BR. This result shows that a mixture of primers derived from an amino acid sequence is sufficient for PCR amplification of the target DNA fragment. Therefore, if the N-terminal amino acid sequence of unidentified BR-like proteins is determined, it is likely that PCR amplification of the gene encoding the A-to Ghelix region will be possible, and that sequence analysis can be performed immediately.
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We have compared the amino acid sequences from helices A to G of halobium BR and five BR-like proteins (including aR-I and aR-11) to estimate the amino acid residue identity. Fig. 5 compares the amino acid sequences of the new BR-like proteins identified in this study with those of halobium BR, aR-I and aR-11. It is possible to classify BR and BR-like proteins into three types: halobium BR, mex BR (or aR) or port BR. About 50-60% of amino acid residues are identical among each group, and more than 80% residues are identical in the same group. These three types are also characterized from the sequence of the segment between helices D and E, where the kind and number of amino acids in this interhelical segment are completely different. However, they are identical in the same group, except for K128 of aR-11. The difference in the proton-pumping function among these three types is not known, but it is unlikely that this interhelical segment is important for this function, since it is relatively far from the Schiff base of the retinal (Henderson et al., 1990) . On the other hand, it is well known that halobium BR forms purple membrane in the cell membrane. BR from halobacterial strain damp and strain GRB (Soppa et al., 1989) , whose amino acid sequence is identical to that of halobium BR, also makes purple membrane. The BRs of strains mex and mac make a claret-coloured patch rather than purple membranes (Otomo et al., 1992) . This patch is probably the same as the 'claret membrane' in which aR-I or aR-I1 exists (Mukohata et al., 1988; Mukohata et al., 1991) . We have also found that the density and the X-ray diffraction pattern of the claret membrane are different from those of purple membrane. Therefore, the two-dimensional aggregation of the BR pigment in the cell membrane is probably slightly different in form between a purple membrane and a claret membrane. Although port BR contains about the same amount of BR-like protein in the total membrane fraction as that of strain mex, neither purple membrane nor claret membrane was isolated by a wash in water (Otomo et al., 1992) . These results imply that port BR probably does not form two-dimensional crystalline patches in its cell membrane. Therefore, the sequence differences among the three protein types may reflect the character of their two-dimensional aggregation in the cell membrane.
On the basis of the result of Henderson et al. (1990) , a helical wheel projection map for BR is shown in Fig. 6 , indicating several identical amino acids for all BRs and all known bacterial rhodopsins (Dunn et al., 1981; Sugiyama et al., 1989; Uegaki et al., 1991; Blanck & Oesterhelt, 1987; Blanck et al., 1989; Lanyi et al., 1990) . Except for Pro 9 1, all conserved amino acid residues face towards the retinal in all bacterial rhodopsins. Moreover, most of them are located around the P-ionone ring of the Fig. 6 . A helical wheel projection model for halobium bacteriorhodopsin. The amino acids in the putative helical segments (A-G) suggested by Henderson et al. (1990) and the all-trans retinal are shown. Black labels indicate conserved residues in halobium BR, five BR-like proteins (including aR-I and aR-11), two HRs (halobium and pharaonis) and halobium SR. Grey labels indicate conserved residues in halobium BR and five BR-like proteins (including aR-I and aR-11). The positions from 221 to 228 are compared among halobium BR, aR-I and aR-11.
retinal. This indicates that these amino acid residues are important for binding the retinal to the apoprotein and most of them are suggested as residues of the retinal pocket by Henderson et al. (1990) . They have also suggested that Val 49 and Met 145 could be retinal pocket residues. However, these are not conserved in all BRs and bacterial rhodopsins, and are probably not as important in retinal pocket formation. Although Pro 91 is conserved in all bacterial rhodopsins, it does not face the retinal. Site-directed mutagenesis substituting each proline residue has indicated that Pro 91 is important for chromophore regeneration but not indispensable for the proton-pumping function (Mogi et al., 1989) . They suggested that it might have a role in the threedimensional interaction between the helical segment and retinal. The kink of helix C is at the position Pro 91 (Henderson et af., 1990) and therefore may be important in the interaction between apoprotein and retinal.
A large number of identical amino acid residues common to all known BRs are located around the Schiff base of the retinal, and none of them except the conserved residues in all bacterial rhodopsins (black residues in Fig. 6 ) are conserved in halorhodopsin functioning as the light-driven chloride pump (Blanck & Oesterhelt, 1987; Lanyi et al., 1990) . This strongly indicates that these residues (except the residues conserved in all bacterial rhodopsins) are important only for proton translocation. Therefore, these residues around the Schiff base of the retinal could play a role in ion selection, and are most likely to be important for proton translocation. On the other hand, almost all the amino acid residues at the external face in the helical wheel projection map and the interhelical segments are not conserved between all BRs. These residues are probably not important for proton pump function and retinal binding.
We have described a rapid and efficient method of DNA sequencing using PCR. Although the DNA sequence of whole structural genes of new BR-like proteins was not determined, almost all of the important amino acid sequence for the structure and function (i.e., A-to G-helix region of BR) was obtained. For comparative studies, we have isolated a number of new halobacterial strains (Otomo et al. 1992) . As a first step in characterization, we identified the presence of BR-like pigment in these strains using flash spectrophotometry. However, determination of the amino acid sequence of their BR-like protein using the conventional gene cloning and the nucleotide sequencing is laborious. It takes several weeks to sequence one gene encoding a BRlike protein. We can not be sure whether the BR-like protein is new or not until the gene has been cloned and sequenced. Using the primers haloBR-C-f and haloBR-G-r, it was possible to amplify and sequence the gene fragment encoding the C-to G-helix region of BR-like pigments from all new halobacterial strains in a few days. We have also amplified the gene fragment from a small amount of genomic DNA, which was obtained from the cells of a single colony by an easy DNA purification procedure (unpublished data). Therefore, PCR using these primers can be used for rapid screening of a large number of halobacterial strains for new BRlike proteins on the basis of the sequence of the C-to Ghelix region.
